In a circle system with no leaks and efficient carbon dioxide absorption, the alveolar carbon dioxide concentration will depend on the volume of alveolar ventilation and the carbon dioxide output. Thus hyperventilation may produce marked hypocapnia. However, by removing the absorber, large volume ventilation can be used, without producing hypocapnia and its undesirable consequences, provided the fresh gas inflow is adequate.
Several studies have examined the functional behaviour of the circle system with the absorber removed and the dependence of alveolar carbon dioxide concentration on both fresh gas flow and alveolar ventilation (Benson et al., 1968; Harris, Kerr and Edmonds-Seal, 1975; Da Silva, 1976) . When ventilation is large alveolar carbon dioxide concentration depends on fresh gas flow alone, while at high fresh gas flows alveolar carbon dioxide concentration is almost entirely a function of ventilation. Snowdon and colleagues (1975) compared two circle arrangements at various fresh gas inflows, tidal volumes and frequencies of ventilation. They found that the systems were more efficient at large tidal volumes and efficiency was less dependent on the frequency of ventilation.
It has been suggested by Seeley, Barnes and Conway (1977) that the efficiency of the different rebreathing anaesthetic systems will depend on the degree of gas mixing occurring within the system. The greater the degree of gas mixing, the less efficient the system would become.
This study, using a circle system without absorber, was designed and carried out with the following objectives in mind: to determine the effect of gas mixing within the system, first by changing the components (that is the fresh gas inlet of the system) and second, by changing the frequency of ventilation.
METHODS
The arrangement of the apparatus used in the experiment is shown in figure 1 . The lung consisted of a 5-litre anaesthetic bag suspended in an airtight jar. Carbon dioxide was introduced into the lung at a constant rate of 224mlmin~' via a calibrated flow meter (Gapmeter), this flow coinciding with a convenient calibration level on the flowmeter. A 160-ml deadspace tubing was placed between the lung and the circle system. Ventilation of the artificial lung was controlled using a Cape Bristol ventilator, which was attached to the circle system via a 2-m length of standard anaesthetic corrugated tubing. A standard B.O.C. Mk IV absorber system, with the absorber removed, was used. In system I the fresh gas inlet was placed on the patient side of the unidirectional inspiratory valve. In the other arrangement, System II, the fresh gas inlet was placed on the absorber side of the unidirectional inspiratory valve. Air from compressed air cylinders was used as the fresh gas and supplied to the system via a calibrated flow meter (Gapmeter). Careful checks ensured that the system did not leak. Carbon dioxide concentrations at the catheter mount, at various points in the inspiratory limb and in the expiratory limb were measured using a Centronic 200 MGA mass spectrometer, and the output signal displayed on a Clevite Brush Mark 220 pen recorder.
Tidal and expired minute volumes were measured using a Wright respirometer placed next to the catheter mount, and also by means of an Ohio 840 spirometer, which measured the displaced volume in the model lung. The output from the Ohio spirometer was displayed on the same pen recorder. Recordings were made between experiments only when a steady state had been achieved.
Tidal carbon dioxide concentrations were measured for each of the two circle arrangements at varying concentrations of fresh gas flow, tidal volume and respiratory frequency. Systems I and II were compared at fresh gas flows (VF) of 5 and 61itremin" 1 and with tidal volumes between 0.5 and 1.4 litre at a respiratory frequency of 10 b.p.m. Further studies were performed on system II at the same fresh gas flows, but at a respiratory frequency of 20 b.p.m. The performance of system I was further assessed at fresh gas flows of 4 and 5 litre min ' with tidal volumes of 0.7 and 0.8 litre and frequencies ranging from 8 to 19 b.p.m.
A series of multiple regression equations was derived relating end-tidal carbon dioxide concentration (-FE'COJ) , VF and minute ventilation (VE) under various conditions of use.
RESULTS
Figures 2 and 3 show the performance of systems I and II at a respiratory frequency of lOb.p.m. and at VF 5 and 6 litre min" 1 respectively. It will be seen that system I is consistently more efficient, that is, that at any value of VF and ventilation, lower end-tidal carbon dioxide concentrations are produced than with system II. Figure 4 shows the performance of system II at the same two fresh gas flows, at frequencies of 10 and 20 b.p.m., and at minute ventilation varying from 5 to 14 litre min"
1 . Figure 5 shows the carbon dioxide concentrations obtained when system I was used with fresh gas flows of 4 and 5 litre min" 1 , two tidal volumes, and with a range of respiratory frequencies to produce values of minute ventilation between 6 and Mlitremin"
1 . Regression equations have not been derived from the data from this part of the study. 
DISCUSSION
In predicting the functional behaviour of rebreathing anaesthetic systems during controlled ventilation, it is commonly assumed that uniform mixing of gases occurs within the system. Under these circumstances, in an anaesthetic system which allows uniform mixing of all fresh and expired gas which enters the system, alveolar carbon dioxide concentration (FA^^ should be governed by the following relationship:
= Kco, rr + rrwhere Fco 2 is the carbon dioxide output and is the alveolar minute ventilation. The derivation of this formula is given in the appendix. In the experimental model used here, Fco 2 and deadspace were constant and, apart from the constant small amount of added carbon dioxide, there was no net gas exchange. There should therefore be close agreement between actual and predicted values in the presence of total gas mixing.
During this study, however, system I was consistently more efficient than system II when compared at constant respiratory frequencies. System II was consistently more efficient at a respiratory frequency of lOb.p.m. than at a frequency of 20b.p.m., and when system I was used with constant tidal volumes and varying respiratory frequencies paradoxical results were often obtained, with FE' CC , 2 increasing as ventilation increased.
The greater efficiency of system I compared with system II is in agreement with the findings of Snowdon and colleagues (1975) . The most probable explanation for this difference in performance is that in system I, where fresh gas enters the system between the unidirectional inspiratory valve and the subject, unmixed fresh gas can accumulate in the inspiratory limb of the system during expiration and the expiratory pause. This provides a bolus of fresh gas available to the subject at the beginning of inspiration. In system II fresh gas entering during expiration cannot flow towards the subject through the closed inspiratory valve and will tend to flow into the ventilator deadspace tubing and mix with expired gas or be expelled from the system. This explanation is supported by measurements of carbon dioxide concentrations within the system made during this study. Figure 6 shows carbon dioxide concentrations at various points in the inspiratory limb of the two systems used under comparable conditions of fresh gas flow and ventilation. The low carbon dioxide concentrations at the start of inspiration in system I represent stored fresh gas entering the system during expiration. In system II gas in the inspiratory limb has a nearly constant carbon dioxide composition, reflecting more uniform mixing of gas.
The multiple regression equations derived from the study on system II at two respiratory frequencies and illustrated in figure 4 , together with the total mixing equation, were used to predict V? and VE needed to produce normocapnia ( fig. 7) . At any level of ventilation, system II used at a respiratory frequency of lOb.p.m. required a slower fresh gas flow to maintain normocapnia than at a respiratory frequency of 20b.p.m. or if total mixing is assumed to occur. The isopleth for a frequency of 20b.p.m. approaches the total mixing line as ventilation is decreased and fresh gas flow increased. As frequency is increased, the more frequent reversal of flow will tend to increase gas mixing in that part of the system between the ventilator and unidirectional valve. Increasing the fresh gas flow will lead to a greater amount of fresh gas entering the ventilator deadspace and mixing with expired gas per breath. Very high fresh gas flows will result in increased loss of fresh gas from the system during expiration and to a lower efficiency than that predicted in total mixing.
In the Studies described above, gas was vented from the system through the ventilator during expiration. When a "bag-in-bottle" ventilator arrangement was used with system II, and venting occurred during inspiration, the system was consistently less efficient. Reproducible results could not be obtained because of the many variables which influence the loss of fresh gas during inspiration under these circumstances, such as inspiratory flow pattern, tightness of the relief valve and inspiratory resistance.
The greater partitioning of gas at lower frequencies of ventilation also explains the greater efficiency of system I at the lower rates of ventilation ( fig. 5 ). The graph shows that, apart from the observation at a tidal volume of 0.8 litre and a FF of 41itremin~1, carbon dioxide concentrations tended to increase as frequency, and therefore minute ventilation, increased. Seeley, Barnes and Conway (1977) suggested the following formula to predict the functional behaviour of rebreathing systems:
where a is that fraction of fresh gas which does not mix with expired gas. This relationship should apply in the present study.
At any given fresh gas flow and alveolar ventilation, the greater the value of a the more efficient the system will be. The value for a will be determined by the fresh gas flow, the duration of expiration and the expiratory pause, the inspiratory flow pattern and the system arrangement. Therefore, it follows that the efficiency of carbon dioxide removal of any anaesthetic rebreathing system which does not allow selective venting of alveolar gas will depend on the degree of partitioning of gases which it allows and on the volume of fresh gas which is allowed to accumulate during expiration and the expiratory pause.
The scatter of results quoted in the literature, and the varying accuracy of fresh gas predictions for the circle system without absorber (Suwa and Yamamura, 1970; Scholfield and Williams, 1974; Snowdon et al., 1975) and the Bain system (Bain and Spoerel, 1975; Henville and Adams, 1976; Seeley, Barnes and Conway, 1977) can be explained by the different frequencies of ventilation used by the different workers.
This study has several implications with regard to controlled ventilation using rebreathing anaesthetic systems. In theory, if total mixing of all fresh and expired gas occurs, then the behaviour of the system can be accurately predicted from the total mixing equation shown graphically in figure 7 . The degree of mixing and therefore the validity of such predictions, will be influenced by component arrangement of the system used, the respiratory pattern and the respiratory frequency. Efficiency will be greater in systems which allow more partitioning of fresh gas, such as system I of this study, and when large tidal volumes are used at respiratory frequencies of 10-12 b.p.m. Efficiency will be decreased when gas is vented from the system during inspiration, as commonly occurs during hand ventilation. In addition, the interpretation of results using rebreathing systems requires a knowledge of the ventilatory pattern and respiratory frequency used. Fractional concentration of carbon dioxide in the mixture of gas in the system and available to the subject Fractional concentration of alveolar carbon dioxide
If complete mixing of all gases entering the system is assumed, then the mixture of gas formed in the system will be made up of all fresh gas, with zero carbon dioxide concentration, alveolar gas at a carbon dioxide concentration of i-Aco,! and deadspace gas containing carbon dioxide at the same concentration as that in the mixture. Thus: KF+FAE This will be the composition of both inspired gas and gas vented from the system.
Carbon dioxide output will be equal to the product of the volume of gas vented from the system per unit time and its carbon dioxide concentration. If the effects of gas exchange on gas volumes are ignored, then: 
SUMARIO
Se uso un modelo experimental de pulmon, con ventilaricm controlada, para determinar el efecto de diferentes disposiciones anulares y de frecuencias variables de ventilacion, al respecto de la extraction del dioxido de carbono de un sistema anular y sin que acontezca absorcion de dicho compuesto. Se aprecio una mayor eficiencia al introducir gas puro en el sistema, entre la vilvula inspiratoria unidireccional y el paciente, que cuando la toma de entrada del gas puro estaba situada en el lateral ventilador de la valvula. Para cualquier flujo de gas puro y volumen instantaneo, se cncontro que la eficiencia fiie superior cuando las frecuencias de respiracion eran bajas. Se encontraron buenas correlaciones entrc la concentration del dioxido de carbono en el modelo experimental de pulmon, el flujo de gas puro y el volumen despreciable, cuando la frecuencia respiratoria era constante. Se obtuvieron resultados paradojicos cuando el volumen instantaneo se vario mediante cambios en la frecuencia a un volumen mareal constante. La causa principal de las diversas diferencias en el rendimiento ha sido atribuida a las variaciones en el grado de la mezcla del aire puro y del aspirado dentro del sistema.
